PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 

International Bureau 




ess 



INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 

G06F 17/40 



Al 



(11) International Publication Number: WO 99/53423 

(43) International Publication Date: 21 October 1999 (21.10.99) 



(21) International Application Number: PCT/US99/0823I 

(22) International Filing Date: 14 April 1999 (14.04.99) 



(30) Priority Data: 

60/081,990 



16 April 1998 (16.04.98) 



US 



(71) Applicant: NORTHEASTERN UNIVERSITY [US/US]; 360 

Huntington Avenue, Boston, MA 021 15 (US). 

(72) Inventors: MILLER, Arthur, W.; 29 Park Drive #8, Boston, 

MA 02215 (US). KARGER, Barry, L.; 62 Deborah Road, 
Newton, MA 02159 (US). 

(74) Agents: SCHURGIN, Stanley, M. et al.; Weingarten, Schurgin, 
Gagnebin & Hayes LLP, Ten Post Office Square, Boston, 
MA 02109 (US). 



(81) Designated States: CA, European patent (AT, BE, CH, CY 
DE, DK, ES, FI, FR t GB, GR, IE, IT, LU, MC. NL. FI\ 
SE). 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Title: EXPERT SYSTEM FOR ANALYSIS OF DNA SEQUENCING ELECTROPHEROGRAMS 
(57) Abstract 

A method of analyzing DNA fragments separated electrophorcUcally is presented. The method includes the use of an expert system 
that interprets raw or preprocessed signal from the separation. The expert system can be used for real-time base-calling, or applied 
offline after data acquisition is complete. The expert system is directly applicable to all types of electrophoretic separation used for DNA 
f^L,™ 0 ^' I,e ' g ' Cap ' Uary microchl P- Each Hwe of a multiplex system can consist of 1 to 4 (or even more) different fragment 
labels. The expert system may also be used with other base-coding schemes, such as those in which more than one base is labeled with 
a given dye, but the amount of label is different for each base. When the presently disclosed method is applied to DNA sequencing the 
^h^ 8 ^ nt 7 rctat,0 , n COmpnses a ™ A sec l uence with num ^cal confidences assigned to each base. By use of the presently disclosed 
method the degree of automation of data processing in high-throughput DNA sequencing is improved, as is the quality of the results 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


AM 


Armenia 


FI 


Finland 


AT 


Austria 


FR 


France 


AU 


Australia 


CA 


Gabon 


AZ 


Azerbaijan 


GB 


United Kingdom 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


BB 


Barbados 


GH 


Ghana 


BE 


Belgium 


GN 


Guinea 


BF 


Burkina Faso 


GR 


Greece 


BG 


Bulgaria 


HU 


Hungary 


BJ 


Benin 


IE 


Ireland 


BR 


Brazil 


IL 


Israel 


BV 


Belarus 


IS 


Iceland 


CA 


Canada 


IT 


Italy 


CF 


Central African Republic 


JP 


Japan 


CG 


Congo 


KB 


Kenya 


CH 


Switzerland 


KG 


Kyrgyzslan 


a 


Cote d'lvoire 


KP 


Democratic People' 


CM 


Cameroon 




Republic of Korea 


CN 


China 


KR 


Republic of Korea 


CU 


Cuba 


KZ 


Kazakstan 


CZ 


Czech Republic 


LC 


Saint Lucia 


DE 


Germany 


LJ 


Liechtenstein 


DK 


Denmark 


LK 


Sri Lanka 


EE 


Estonia 


LR 


Liberia 



LS 

LT 

LU 

LV 

MC 

MD 

MG 

MK 

ML 

MN 

MR 

MW 

MX 

NE 

NL 

NO 

NZ 

PL 

PT 

RO 

RU 

SO 

SE 

SG 



Lesotho 


SI 


Slovenia 


Lithuania 


SK 


Slovakia 


Luxembourg 


SN 


Senegal 


Latvia 


sz 


Swaziland 


Monaco 


TD 


Chad 


Republic of Moldova 


TG 


Togo 


Madagascar 


TJ 


Tajikistan 


The former Yugoslav 


TM 


Turkmenistan 


Republic of Macedonia 


TR 


Turkey 


Malt 


TT 


Trinidad and Tobago 


Mongolia 


UA 


Ukraine 


Mauritania 


UG 


Uganda 


Malawi 


US 


United States of America 


Mexico 


uz 


Uzbekistan 


Niger 


VN 


Viet Nam 


Netherlands 


YU 


Yugoslavia 


Norway 


ZW 


Zimbabwe 



New Zealand 
Poland 
Portugal 
Romania 

Russian Federation 
Sudan 
Sweden 
Singapore 



WO 99/53423 



PCT/US99/08231 



10 



15 



20 



25 



TITLE OF THE INVENTION 
Expert System for Analysis of DNA 
Sequencing Electropherograms 

CROSS REFERENCE TO RELATED APPLICATIONS 
This application claims priority under 35 U.S.C. 
§119 (e) to provisional patent application serial number 
60/081,990 filed April 16, 1998/ the disclosure of which is 
incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

Part of the work leading to this invention was made 
with United States Government funds under Human Genome 
Project Grant Number DE-FG02-90ER 60985. 



BACKGROUND OF THE INVENTION 
The volume of data now produced by automated DNA 
sequencing instruments has made fully automatic data 
processing necessary. The raw data from these instruments 
is a signal produced by a sequence of electrophoretically 
separated DNA fragments labeled with reporter groups, 
typically but not always with various fluorescent dyes. 
Data processing entails detecting the fluorescence peaks 
for each fragment, determining which dyes they correspond 
to, and constructing a DNA base sequence corresponding to 
the determined fragments. This overall procedure is known 
as base-calling. Base-calling software must produce very 
30 accurate sequences and supply numerical confidence 

estimates on the bases, to preclude expensive and time- 
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consuming editing of the resulting sequence by 
technicians . 

Approaches to the base-calling problem include neural 
networks [Tibbetts et al., 1994; US 5,365,455 & US 
5,502,773], graph theory [Berno, 1996], homoraorphic 
deconvolution [Ives et al., 1994; US 5,273,632], modular 
("object oriented") feature detection and evaluation 
[Giddings et al., 1993 & 1998], classification schemes [Li 
and Yeung, 1995; WO 96/36872 & others], correlation 
analysis [Daly, 1996], and Fourier analysis followed by 
dynamic programming [Ewing et al., 1998]. Additional 
related patents describe base-calling by blind 
deconvolution combined with fuzzy logic [Marks, WO 
98/11258], by comparison to a calibration set of two-base 
prototypes in high dimensional * configuration space" 
[CuraGen, WO 96/35810], and by comparison to singleton 
peak models [Visible Genetics, WO 98/00708], There are 
also several reports specifically related to confidence 
estimates [Lipshutz et al., 1994; Lawrence and Solovyev, 
1994; Ewing and Green, 1998] 

The neural network approach (Tibbetts) only functions 
well when the input data are very similar to the training 
set. This requires retraining for each type of instrument, 
dye chemistry, and set of separation conditions. It is 
difficult or impossible to make small changes to, or to 
extend for other types of datasets, the output of a 
particular training session. Furthermore, the types of 
neural networks whose internal operations in obtaining a 
particular result can be readily explained are the least 
capable class of neural network. 
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The graph-theoretic approach (Berno) relies on 
effective deconvolution by a crude peak-sharpening filter. 
This produces a lot of noise peaks, which the method 
attempts to winnow out based on poor height and spacing. 
The filter is fast but does not result in a high-quality 
deconvolution, and the winnowing procedure is inflexible. 

The homomorphic deconvolution (Ives) uses blind 
deconvolution to enhance information on peak location. 
However, the subsequent peak detection and base 
assignments are overly simplistic. 

An object-oriented method (Giddings) tries to adopt a 
flexible, modular program design, in which each piece is 
as independent as possible from the rest of the program. 
Preprocessing is done in many independent steps by 
different user-configurable tools. Subsequent base- 

calling is done by combining independent confidences on 
quality of peak spacing, peak height, and peak width. 
Considerable time must be spent by the user to configure 
the modules for a particular type of data. Moreover, the 
base-calling module is relatively unsophisticated. More 
abstractly, some tasks may be intrinsically dependent on 
each other, creating problems when the tasks are separated 
into independent modules. The most recent implementation 
uses deconvolution to increase accuracy, but this greatly 
increases execution time and can create artifact peaks, 
and it also requires finely tuned digital filtering. 

The classification of channel amplitude ratios at 
peak positions (Li & Yeung) is restricted to relatively 
high peak resolution and high signal-to-noise ratios. 

The method of Fourier analysis followed by dynamic 
programming (Ewing) exploits the regularity of peak 
spacing in properly preprocessed data. Base-calling 
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matches observed peaks to predicted base positions. The 
method relies heavily on optimized preprocessing (color 
separation, noise removal, background subtraction, 
amplitude normalization, and peak repositioning) , and 
poorly predicts base positions at low peak resolution. It 
is relatively inflexible and difficult to extend or adapt 
to changes in data characteristics; e.g., data resulting 
from a new protocol that gives more variable peak spacing. 

The fuzzy logic approach (Marks) as described 
requires prior deconvolution . Furthermore, the inference 
system is limited in the complexity of the rules that can 
be incorporated, especially if they must be optimized. 

The use of two-base prototypes (CuraGen) suffers from 
problems similar to the neural network method. 

The use of singleton peak models (Visible Genetics) 
does not provide for complex relations between peaks and 
base-calls . 

An • expert system simulates the reasoning of human 
experts in a particular problem domain. Expert systems 
are most often useful for applications in which human 
experts perform well and can describe their reasoning in 
detail. The expert system consists primarily of a set of 
if-then rules, sometimes called productions, and a 
mechanism to reason with them, usually called an inference 
engine [Stefik, 1995; Durkin, 1994; Jackson, 1990]. The 
firing of a rule causes an action to be taken; e.g., 
adding to working memory the knowledge that a particular 
peak in the fluorescence signal has a certain width or 
contains a particular number of bases. 

The pervasive limitations in prior art for base- 
calling are the lack of integration among subtasks, and 
the relative absence of flexibility and sophistication in 
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the methods that assign bases to peaks. The principal 
benefits of a production system over prior art are in the 
ability to produce very high integration and complex, 
sophisticated program logic in a form that is easy for 
people to understand and extend. This is because the rules 
can be stated in natural language (e.g., English), and 
because greater generality, flexibility, and accuracy can 
be obtained simply by adding new rules or modifying 
existing ones. The inference engine can then combine the 
rules to produce a degree of integration, sophistication, 
and thoroughness that is hard to reproduce by an orthodox 
procedural software approach. 



15 



20 



BRIEF SUMMARY OF THE INVENTION 
A method of analyzing DNA fragments separated 
electrophoretically is presented. The method includes the 
use of an expert system that interprets raw or 
preprocessed signal from the separation. The expert 
system can be used for real-time base-calling, or applied 
offline after data acquisition is complete. The expert 
system is directly applicable to all types of 
electrophoretic separation used for DNA sequencing, i.e. 
slab gel, capillary and microchip. Each lane of a 
multiplex system can consist of 1 to 4 (or even more) 
25 different fragment labels. The expert system may also be 

used with other base-coding schemes, such as those in 
which more than one base is labeled with a given dye, but 
the amount of label is different for each base [Kheterpal 
et al., 1998]. When the presently disclosed method is 
applied to DNA sequencing, the resulting interpretation 
comprises a DNA base sequence with numerical confidences 
assigned to each base. By use of the presently disclosed 
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method the degree of automation of data processing in 
high-throughput DNA sequencing is improved, as is the 
quality of the results. 

5 BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

The invention will be more fully understood from the 
following detailed description taken in conjunction with 
the accompanying drawings wherein: 

Fig. 1 is a flow chart of the presently disclosed 
10 method for analyzing DNA fragments separated 

elect rophoretically ; 

Fig. 2A is a portion of a raw fluorescence signal of 
an electropherogram; 

Fig. 2B is a portion of resulting base-calls and 
associated numerical confidence and processed dye traces; 

Fig. 3 is a partial listing of some rules utilized in 
the presently disclosed method; 

Fig. 4 shows the order of the data processing steps 
conducted by the expert system; 

Fig. 5 is a sample decision tree for assigning base 
confidences; and 

■ 

Fig. 6 is a graph of statistical accuracy of assigned 
base confidences. 

25 DETAILED DESCRIPTION OF THE INVENTION 

A method for analysis of DNA sequencing 
electropherograms includes the use of an expert system. 
The expert system includes a knowledge base and an 
inference engine. The expert system may be viewed largely 

30 as mechanism to detect peaks, and then interpret each peak 

as arising from noise, an artifact, a particular series of 
bases, a primer peak, or any other feature occurring in 
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electropherograms for DNA sequencing. These 

interpretations result from rules for determining which 
hypothesis about a peak is supported by the most evidence. 
The general outline of the preferred embodiment of the 
expert system is shown in Fig. 1 and described later in 
depth. 

After initialization and loading of data, a list of 
rules is scanned repeatedly until inference is complete, 
and then the results are output. Sample input and the 
corresponding results are shown in Fig. 2. Fig. 2A shows 
a short section of full spectral fluorescence data from an 
electropherogram, with migration time on one axis, 
spectral wavelength on another, and fluorescent intensity 
indicated by shading. Fig. 2B shows the principal results 
inferred from this data: processed dye traces, base-calls, 
and numerical confidences. Fig. 3 shows some examples of 
rules that may be used in proceeding from Fig. 2A to Fig. 
2B. 

Typical steps of data processing performed by the 
base-calling expert system are shown in Fig. 4. The order 
of steps shown in Fig. 4 is only one of many possible 
orders, and the steps may be highly intermingled. For 
example, in real time use, the rules may be designed to 
perform a cycle in which new fluorescent data arrives, 
peaks in the new data are detected, the properties of new 
peaks are measured, and implications of the new peaks are 
pursued. Such implications would include inferences of the 
number of bases in the new peaks, updates to migration 
time-dependent property maps, and examination of nearby 
peaks to see if their assigned base-calls should be 
changed based on the new information. Other variations on 
Fig. 4 include making the first base-calls some distance 
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into the DNA sequence, and subsequent calls towards both 
earlier and later migration times. The advantage of this 
alternative is that the initial parameters of peak 
spacing, dye mobility shifts, etc., are determined in the 
region where they are most easily obtained. These 
parameters can then be used to guide base-calling and 
further parameter determinations elsewhere. 

The first step presented in Fig. 4 is determination 
of the dye spectra. If raw fluorescence data is supplied 
without known dye spectra, the dye spectra must be 
determined from the data in order to perform color 
separation. Color separation is the decorrelation of the 
raw fluorescence signal into the components produced by 
individual dyes, each dye representing one %> color" . In 
base-calling literature, this has also been called 
spectral separation, spectral deconvolution, and 
multicomponent analysis. In one embodiment, the dye 
spectra are determined by first identifying a short region 
beginning at the approximate start of the DNA sequence, 
commonly just after the so-called primer peak. After a 
rough background subtraction, an initial estimate is 
calculated of peak positions and which dyes produced them. 
This estimate is accomplished by clustering the 
background-corrected spectra from the centers of the most 
intense peaks. After this, a rough peak shape estimate 
for the region is determined and a * target'' is 
constructed, this being an approximation of the dye traces 
(fluorescence signal after color separation) the peaks 
should produce. The data are then fitted to the target to 
produce refined estimates of the dye spectra, which are 
further refined iteratively by analyzing residuals. 
Because the entire peak shape is used in determined the 
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dye spectra, color separation can be accomplished even if 
there are no well-resolved peaks in the dataset. While the 
raw data most commonly comprises four spectral channels, 
the procedure is identical if more channels are used, and 
with minor modifications the procedure can be used for 
fewer than four channels. 

Once dye spectra are known, color separation is 
normally accomplished by least squares estimation (fitting 
the raw data matrix to the dye spectra) . Baseline 
determination for the resulting dye traces can be done by 
linearly interpolating between baseline points determined 
as the minimum amplitude values in time windows on the 
data. Other order statistics than the minimum may also be 
used; e.g., the fifth percentile of amplitude values in 
15 the window for the channel. 

To determine a correct DNA sequence, dye mobility 
shifts must be determined. These are dye-specific 
differences in electrophoretic mobility that must be 
obtained either by calibration or estimated as part of 
20 base-calling, unless the electrophoretic data supplied to 

the base-caller has been preprocessed to correct for these 
shifts. Failing to correct for mobility shifts could 
cause bases to be called in reverse order or to be skipped 
entirely; e.g., only one call would normally be made for 
25 two superimposed peaks of different dyes. Several 

algorithms for determining mobility shifts have been 
described, which typically conduct local searches in 
windowed time regions for the set of shifts that result in 
minimizing some measure of peak overlap between dye 
30 channels. 
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Peaks may be detected by finding regions that exceed 
a noise threshold, or by other criteria such as local 
maxima or thresholds for regionally normalized height. 
Noise may be estimated as the difference between the 
channel amplitude before and after smoothing, or by some 
other method. The process of peak detection is intended 
to identify the smallest regions that the expert system 
can evaluate separately. Therefore, the initially 

determined peak may at later stages be split into two or 
more peaks if it contains sufficiently deep valleys, or if 
it overlaps in migration time both sides of a sizable peak 
in another channel, or if other considerations are met. 

In the preferred embodiment, each detected peak 
exceeding a threshold for normalized amplitude is assigned 
one base, and the initial estimate for each peak (zero or 
one) is refined by several iterations which begin by using 
the current base-calls to estimate for any migration time 
the properties a peak containing exactly one base would 
hypothetically have if it appeared at that time (height, 
width, spacing from other peaks, etc.). Actual peak 
properties are compared to these abstract " singleton peak" 
values to produce an estimate for the number of base-calls 
they contain, and rules are subsequently applied to modify 
this initial number. Additional information that may be 
maintained is a complete description of the distribution 
of observed peak heights and spacings, which may be used 
in later confidence assignment and in automatic 
determination of the dye chemistry employed to produce the 
raw data. Knowledge of the dye chemistry may be used to 
activate different sets of rules optimized for the 
different chemistries. Alternatively, this knowledge may 
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be supplied along with the electrophoretic data so that it 
does not need to be inferred. 

Probabilistic confidences on base-calls have become 
important in sequence assembly. In one embodiment, after 
the final assignment of bases to peaks is achieved, one or 
more confidences is assigned to each base-call based on a 
statistical analysis of errors made by the base-caller on 
electropherograms of known samples . Alternatively, 
confidence information can be determined concurrently with 
the base-calls, and even used in deciding the base-calls. 
A single confidence value can be determined (overall 
probability of error) , or multiple confidence values can 
be determined which represent probabilities for different 
eventualities (probability that an X A' is actually a X C 
or a X G' , etc.). For compatibility with a widely used 
standard [Ewing & Green, 1998], confidence values are 
commonly scaled logarithmically: 

Confidence value - -10 x log 10 (estimated error 
probability) 

In a preferred embodiment, confidence values are 
assigned by decision trees, which classify base-calls by 
applying a test at each branch. The method used to 
construct these trees permits a large number of base-call 
characteristics to be used and does not make restrictive 
assumptions such as multivariate normality. A simplified 
decision tree for assigning confidences to called bases is 
shown in Fig. 5. Decision trees can be determined 
automatically from a training set by the statistical 
property information gain, which determines the tests that 
most accurately classify the instances in the set 
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[Mitchell, 1997], Because the tree is determined one 
branch at a time, the paths from top to bottom can be of 
different length and contain different tests. After 
determining the tree, confidence values for each leaf 
(bottom nodes of the tree) are computed from the fraction 
of correct base-calls in the training set assigned to the 
leaf. 

Fig. 6 shows the predictive value of confidences 
determined this way. For a training set of 14 8 CE 
electropherograms of varied read length and quality, and 
run under different conditions of field strength, 
temperature, and other parameters, base-calling errors 
were determined by computing a local alignment between the 
called and known sequences. The resulting 138,000 base- 
15 calls contained 2% errors. For each base-call, a common 

set of features was determined, including peak height, 
spacing to the next base, and several similar properties. 
A decision tree was created from the resulting training 
set and pruned by cross-validation. Accuracy for high 
confidences was improved by pooling the high-confidence 
leaves and creating a second tree. Due to the small size 
of the training set, confidence values greater than 30 
were not estimated. Fig. 6 shows the accuracy of the 
confidences assigned by these trees on a test set of 
31,000 base-calls taken from 37 electropherograms not in 
the training group. 

In a particular embodiment, an expert system 
comprises a minimum of two components, a knowledge base 
and an inference engine. The knowledge base comprises 
facts and rules. Facts comprise a raw electropherogram or 
any other data input, and of anything inferred from this 
input by the expert system. Such inferred facts may 
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include peak widths, base assignments, base confidences, 
dye spectra, processed dye traces, or anything else not 
explicitly stated in the initial rules. In the preferred 
embodiment rule shave the form "if certain conditions are 

5 met, then take certain actions (or draw certain 

conclusions)". It is also possible to have "else" clauses 
in the rule. The rules can be embedded in the program, 
executed from a database, or read from a file. An 
inference engine is a general mechanism to infer new facts 

10 from data using the rules. An inference engine can use 

meta-rules (rules about rules) to guide the reasoning 
process; e.g. to resolve conflicts among ordinary rules. 

Outline of base-caller . 
15 Steps performed by the base-caller include 

determining the dye spectra from the relatively intense 
peaks in the raw data, performing color separation via a 
least-squares fit to these spectra, subtracting baseline, 
determining dye mobility shifts, detecting peaks based on 
a noise threshold, and assigning one initial base to each 
peak exceeding a height threshold. Steps performed 
subsequently include several iterations in which (1) the 
expected height and width of peaks containing a single 
base are estimated for all migration times, (2) an initial 
number of bases is assigned to each peak based on 
comparison of the peak's characteristics to those expected 
for these singleton peaks, and (3) rules are used to 
modify the initial base estimates. Once base-calls are 
final, probabilistic confidences are assigned to the base- 
30 calls using decision trees. 
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Referring back to Fig. 1, the start-to-finish 
operation 10 of the base-caller consists of initialization 
100, loading the electrophoretic data 110, repeating the 
inference cycle (scanning of all rules) until base-calling 
is complete 120, and outputting the inferred results 130, 
which include but are not limited to the base-calls and 
corresponding numerical confidences. 

During initialization step 100 counters are 
initialized, data variables are initialed to "empty" , and 
the rules are loaded and sorted according to meta-rules 
described later. Each rule is defined by strings that 
specify a context, a condition and an action. The context 
string is simply a tag, the use of which is given later in 
discussion of ordinary rules and meta-rules. The condition 
15 and action strings, however, must be converted to 

executable form, which can be functions call or can be 
strings to be evaluated by a command interpreter. This 
conversion can be done, for example, using a string 
substitution table. Next, at step 110 raw or processed 
electrophoretic data is read from a file, or is obtained 
in real-time. The correspondence between bases A, C, G, 
and T to the output dye traces is specified. 

At step 120 the list of rules is scanned one at a 
time by the inference engine. For each rule, meta-rules 
determine whether a rule should be permitted to fire. For 
such rules, the condition statement is evaluated for its 
truth value. If the condition is true, the action 
statement is executed. This scanning process is repeated 
until no rule fires, or a rule fires indicating that the 
30 inference is complete, or a nonrecoverable error occurs. 
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At step 130 the results are output. For each called 
base, the migration time of the call is corrected for dye 
mobility shift. Base-calls and other call properties 
(amplitude, confidence) are sorted in order of increasing 
value of the corrected migration time. The base-calls and 
call properties are output. Other items may also be 
output, including the inferred dye spectra and processed 
dye traces. 

Ordinary rules and meta-rules . 

Rules can be ordinary rules or meta-rules. Meta- 
rules are general principles to direct the reasoning of 
the inference engine; e.g., rules about what ordinary rule 
to apply next, or about how to resolve conflicts. 
Conflicts occur when the condition statements of two rules 
are satisfied during a given inference cycle, especially 
when the corresponding action statements are 
contradictory. In the preferred embodiment, more than one 
rule can fire in a given cycle, and rule order and 
conflict resolution are handled by rule context and rule 
accuracy. Other conflict-resolution strategies than the 
one detailed here include use of time tags, rule 
priorities, or most specific rule first. 

The ordinary rules in the preferred embodiment are 
all used for forward chaining. This means that the program 
reasons forward from facts to conclusions. However, 
backward chaining may be added, which assumes a conclusion 
and searches for facts to support it. In addition, one or 
more mechanisms could be employed to handle uncertainty. 
For example, it would be possible to merge fuzzy logic 
into the system for this purpose. In evaluating a fuzzy 
version of the statement "peak is small", every peak is 
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determined to be "small" to some degree, but large peaks 
possess little of this attribute. By avoiding sharp 
thresholds, fuzzy logic reduces the number of rules 
required. Additional methods of managing uncertainty that 
might be employed are certainty factors and probabilities. 

A rule might employ a decision tree. For example, a 
decision tree could be induced for determining base-call 
estimates from peak features. Then a rule using the tree 
might state, "if local average resolution is <= 0.3, and 
the number of base-calls currently estimated differs from 
the number the decision tree provides, then replace the 
current estimate with the estimate from the decision 
tree" . 

In the preferred embodiment, each ordinary rule has 
an explicitly provided context and an implicit accuracy. 
The contexts are * general", assigning bases", and "post- 
processing", which must be stated when a rule is defined. 
Before the first inference cycle begins, rules are sorted 
by decreasing priority of their context, so that all 
"post-processing" rules (highest priority) precede all 
"general" rules, which in turn precede all "assigning 
bases" rules (lowest priority) . Within each context, the 
rules must be presorted so that a more accurate rule 
always precedes a less accurate rule. It is not a 
limitation of the invention that rule priority or accuracy 
must be decided this way; these characteristics might 
instead be specified explicitly. 

Rules may be determined by manual inspection of data, 
by interviewing experts in the problem domain, or by other 
knowledge acquisition techniques. Alternatively, various 
machine learning methods may be applied to determine the 
rules, and optionally to determine rule confidence or 
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accuracy. Rules may specify measures of uncertainty, as 
described above, which may be propagated to provide an 
overall confidence measure for each conclusion. 
Furthermore, the rules applied to reach a particular 
conclusion may be recorded so that the reasoning used to 
reach it may be explained to the user in text form. This 
is a facility usually provided by expert systems. 

The context property of a rule is used as follows. 
During inference, each time a rule is scanned, its context 
is compared to the active context. If the rule's context 
is the same as the active context, the condition statement 
of the rule is evaluated. If the rule's context is 
different than the active context, an attempt is made to 
change the active context to the rule's context, and the 
rule's condition statement is evaluated only if the 
attempt is successful. In the preferred embodiment, the 
attempt to change the active context is always successful 
if the rule context is not " assigning bases". If the rule 
context is "assigning bases", it is determined whether 
there exist detected peaks to assign bases to. If so, the 
active context is given the value "assigning bases", and 
each peak is flagged as an active object for inference. If 
not, the context is set to the empty context, and any 
objects flagged as active are reflagged as inactive. 
25 wh ^ n the context is "assigning bases", each 

corresponding rule is tested for all active objects. If 
the rule condition is met, the action statement is 
executed for the object, and the object is flagged as 
inactive. The result of this procedure is that at most one 
rule fires for each active object, preventing rule 
conflicts and minimizing the number of rules tested. The 
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first rule to fire for an object will always be the most 
accurate rule. 

It is a feature of these meta-rules that efficiency 
is made high by preventing an excessive number of rules 
from being evaluated in each inference cycle, and by 
minimizing the computational overhead of conflict 
resolution. 

Maps of migration-time dependent' properties . 

Many of the rules require comparing a peak against a 
prototype « singleton" peak, a hypothetical peak 
corresponding to precisely one base. Because peak height, 
width, and other properties are different depending on dye 
channel and migration time, property "maps" are 
constructed that allow singleton peak properties to be 
estimated for any dye channel and migration time. Each map 
consists of a set of records, each record consisting of a 
migration time and one or more property values for that 
migration time; e.g., migration time plus the expected 
singleton peak height for each dye channel at that time. 
The records are sorted in order of increasing migration 
time for efficient look up by binary search. Given a map 
and a migration time to look up the property value for, if 
the time is less than the time given in the first record 
in the map, the property value from the first record is 
used. If the time is greater than the time in the last 
record, the property value from the last record is used. 
For all other cases, the desired property value is 
interpolated to the desired migration time from the 
30 records in the map. 
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Construction of property maps may be informed by 
prior knowledge about a property. For example, base 
spacing is commonly observed to approximate a quadratic 
function of migration time. Therefore the data in the 
spacing map may be replaced by or extrapolated from a fit 
of the measured values to such a function. Furthermore, 
lookups have no need to be done by simple linear 
interpolation; various forms of smoothing and modeling can 
be applied, to even out irregularities in the map; e.g., 
cubic splines. 

Migration-time dependent properties other than those 
of singleton peaks are given similar maps. These 
properties include noise level and dye mobility shifts. 
The data structures used to represent maps may be tables, 
matrices, ANSI C++ Standard Template Library (STL) map 
containers, linked lists, or other structure types. The 
STL map representation, based on red-black trees, can be 
updated extremely efficiently, lending itself to real-time 
or other very fine-grained usage. For example, each time a 
peak is assigned bases, or the assignment is modified, the 
maps can be updated to immediately reflect the new state. 

A set of base-calling rules . 

The quantity *N' referred to in the rules is an 
integer number of base-calls to assign in a rule being 
applied to a peak object. 

Rule 1: 

Context ~ general 

Condition = dye spectra unknown 

Action = determine dye spectra 
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Rule 2: 

Context = general 

Condition = dye spectra known and dye traces unknown 
Action = determine dye traces 

Rule 3: 

Context = general 

Condition = dye traces known and peak-containing region 
unknown 

Action = determine peak-containing region 
Rule 4: 

Context = general 

Condition = peak-containing region known and dye mobility 
shifts unknown 

Action = determine dye mobility shifts 
Rule 5: 

Context = general 

Condition = dye mobility shifts known and individual peak 
locations unknown 

Action = determine individual peak locations 
Rule 6: 

Context = general 

Condition = individual peak locations known and no base- 
calls exist 

Action = make initial base-calls 
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Context = general 

Condition = base-calls exist 

Action = estimate singleton peak properties 

Rule 8: 

Context « general 

Condition = singleton peak widths are accurate and signal 

derivatives undetermined 

Action = determine signal derivatives 

Rule 9: 

Context = general 

Condition - signal derivatives determined 
Action = subdivide peaks using derivatives 

Rule 10: 

Context = general 

Condition = base-calls exist 

Action = measure properties of all peaks, use to estimate 
number of base-calls (N) 

Rule 11: 

Context = assigning bases 
Condition » peak area not positive 
Action = set N to zero 

Rule 12: 

Context = assigning bases 

Condition = local average resolution < 0.8 and normalized 
peak skyline < 0-2 and normalized peak height < 0.5 
Action = set N to zero 
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Rule 13: 

Context = assigning bases 

Condition = local average resolution >= 0.8 and normalized 
5 peak height < 0.5 

Action = set N to zero 

Rule 14: 

Context = assigning bases 
0 Condition = N is zero and peak area & height exceed 

thresholds for one base 
Action = set N to 1 



mm 



Rule 15: 

15 Context = assigning bases 

Condition = local average resolution >= 0.5 and N = N 
and normalized peak height > 1.3 and peak is unusually 
wide for only N bases 
Action = add 1 to N 

20 

Rule 16: 

Context = assigning bases 

Condition = local average resolution <= 0.3 and peak area 
small for N bases ' 
25 Action = subtract 1 from N 



Rule 17: 

Context = assigning bases 

Condition = N > 0 and number of strong minima in signal 
30 second derivative > N 
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Action = set N to number of strong minima in signal second 
derivative 

Rule 18: 

Context = assigning bases 

Condition = no other rule for assigning bases has fired 
Action = accept N as correct number of bases 

Rule 19: 

Context = post-processing 

Condition = base-calls final and confidences unknown 
Action = determine call positions, call amplitudes, and 
call confidences 

Rule 20: 

Context = post-processing 

Condition = base-calls final and call confidences known 
Action = halt inference 

Implementation of rule statements . 

Statements are listed alphabetically. Implementations 
are generally given for the positive expression of a 
statement rather than for the negative one; e.g., 
" confidences known" is listed, while * confidences unknown" 
is implied by the obvious logical negation. 

Base-calls exist. TRUE if and only if variable 
PKS. BASES is not empty. 

Base-calls final. TRUE if and only if PKS. BASES has been 
updated at least twice after the second derivative of the 
dye traces have been determined. Finality could also be 
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determined by convergence (lack of significant change) of 
the number of base-calls (or some other property) over 
several iterations of estimation, or by determining that 
base-call certainty factors or confidences have reached a 
5 high enough level. 

Confidences known. TRUE if and only if variable 
PKS.CONFS is not empty. 

Determine call amplitudes. For a peak to which a positive 
number of bases, N, has been assigned, compute an average 
call amplitude. Do this by assuming that each call 
corresponds to a peak containing 1/N of the total peak 
area, and has a Gaussian shape whose width can be obtained 
from the singleton-peak width map. For each of the N 
calls, determine a final call amplitude that is the lesser 
of this average call amplitude and the amplitude observed 
at the call's determined position. Peak shape in this 
method could be arbitrary, not just Gaussian. The 
fundamental underlying peak shape for a local time region 
can be dynamically estimated given the base-calls; or, any 
arbitrary shape such as Lorentzian or Voigt (a combination 
of Lorentzian and Gaussian) can be used. Given any peak 
shape, the amplitudes could in principle be determined by 
any of a variety of methods of nonlinear least-squares 
estimation. This would permit call position to be jointly 
determined along with call amplitude. 

Determine call confidences. Probabilistic confidences on 
base-calls are determined by traversing decision trees. A 
decision tree is a set of questions organized in a 
branching fashion that leads to a classification decision. 
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Starting with a first question about a particular base- 
call, e.g., "is normalized peak height > 0,5?", yes and no 
answers lead to two or more alternative second questions. 
When no questions remain along a particular sequence of 
branches, a classification is assigned; e.g., "confidence 
that base-call are correct is 98.7%". To construct the 
decision trees for base-call confidence determination, a 
training set of electropherograms is selected containing 
members with varied read length and quality, and run under 
different conditions of field strength, temperature, and 
other parameters. For each of these electropherograms, 
base-calling errors are determined by computing a local 
alignment between called and known sequences by a Smith- 
Waterman algorithm. For each base-call, a common set of 
features is determined, including peak height, spacing to 
the next base, and several other properties. A decision 
tree to classify base-calls into correct calls and errors 
is determined from this information using a variant of the 
ID3 algorithm. 

Variations of the ID3 algorithm may include use of an 
MDL (minimum description length) principle to minimize the 
need for post-pruning; use of continuous rather than 
discrete-valued attributes; and nodes containing tests on 
multiple properties. Linear discriminant trees and 
25 regression trees are also possible. Post-pruning may be 

done after inducing the tree with a variant the ID3 
algorithm; either by use of a validation set, by cross- 
validation, or by some other method. The training set 
does not have to contain diverse data, but instead may be 
split into several different training sets specialized for 
particular data types. It is not necessary to use a Smith- 
Waterman method to determine correct base-call 
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classifications (whether a base-call is an error or not) 
for the training set. Any method that results in primarily 
correct classification may be used. Note that the training 
set may contain "noise" (misclassif ications) , as the ID3 
algorithm can be made robust against such noise. 

The confidence values are recorded in variable 
PKS.CONFS. 

Determine call positions. For a given peak to which a 
positive number of bases, N, has been assigned, divide the 
peak into N regions that each contain fraction 1/N of the 
total peak area. The position of the ith call is the 
location marking the area midpoint of the ith region. 
Other methods include using cues obtained from the second 
derivative of the signal, or doing full nonlinear least- 
square modeling using the estimated peak shape. 
Additional alternative methods include using the minima in 
the second derivative of the signal, as well as the 
spacing between these minima. As described above for 
"determine call amplitudes", nonlinear least squares or 
other maximum likelihood modeling may also be used, or a 
simple spacing grid (choosing call position based on 
position of maximum summed amplitude under a spacing grid 
with nodes separated by a distance equal to the local 
estimate of base spacing) . 

Determine dye mobility shifts. Mobility shifts are 
determined independently in overlapping time windows by 
shifting channels relative to each other to find the 
positions such that high-amplitude sections in any given 
channel coincides with low-amplitude sections in the 
others. The results of this procedure are recorded in the 
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variable DYEJ5HIFTS, which consists of a map containing 
migration times and the corresponding shift values for 
each channel. 

Determine dye spectra. A migration time to use is 
first determined as beginning with the end of the largest- 
area peak in the electropherogram (the primer peak when 
using dye primers). The dye spectra are determined using 
a short time region after this position, typically 
containing 2000 time points. A rough background 
subtraction is done for each raw channel, and then the 
time positions of peak maxima are determined. The spectra 
at these maxima are weighted by amplitude and 
statistically clustered into four groups using a K-means 
algorithm. The four spectra so determined (centroids of 
the clusters) often represent mixtures of the pure dyes, 
since under some run conditions employed, even the early 
base peaks can have significant overlap due to modest 
resolution and differing mobility shifts. Therefore an 
additional step is used to refine the clustering results. 
The preliminary dye spectra are used to make tentative 
assignments of peaks to dyes. In concert with the average 
peak shape, these assignments are then employed to 
construct an estimate of the color-separated dye traces 
(what the traces should be if the peak assignments were 
correct) . Fitting the raw data to this estimate improves 
determination the dye spectra by removing the influence of 
peak overlap. The process is repeated using residual 
analysis to aid in redetermining base positions. 

The dye spectra are recorded in the variable 
DYE SPECTRA. 
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Among methods in which the dye spectra are determined 
automatically, this method has the advantage that the 
peaks do not need to be well resolved. This means that 
faster separations, which have worse resolution, can be 
analyzed. 

Determine dye traces. Color separation is performed 
by a least-squares fit of the raw data to the dye spectra. 
The resulting dye traces are divided into sections of 300 
time points, and the fifth percentile value among the 
amplitudes of all data points in each section is computed. 
This calculation established the background at the center 
of each section; elsewhere, background is derived by 
linear interpolation. Background is then subtracted from 
the initial dye traces. 

Methods of color separation include least-squares 
estimation. If fewer than 4 dyes are present because of 
an unusual base-coding scheme, a model-selection method 
may be employed [Kheterpal et al., 1988]. Baseline 
determination can be done by low-pass filtering, or by 
various methods from the field of chromatography. It would 
be possible to adjust previously determined baseline at a 
later stage by using knowledge of confident base-calls and 
local peak shape. 

The dye traces are recorded in the variable 
DYE_T RACES . 

Determine individual peak locations. First, a table (map) 
is constructed that can be used to estimate the height of 
a singleton peak anywhere in the peak-containing region. 
This table is updated and refined several or many times 
subsequently. The table is constructed initially by 
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recording in it the maximum amplitude in each channel in 
each consecutive window of 1000 time points within the 
peak-containing region . 

Next, a similar table is constructed for channel 
noise. Within the peak-containing region, a noise 
threshold for peak detection is computed in overlapping 
500-point time windows by taking four times the mean 
square of the difference between the amplitude before and 
after smoothing with a 5-point Savit zky-Golay filter. 

Peaks are determined as any regions exceeding the 
noise threshold for at least 5 points. A peak is split 
into multiple peaks if it contains local maxima separated 
by a dip significantly larger in magnitude than the noise 
threshold. For each peak region, the precise location of 
the position of maximum amplitude in the region is 
determined. Then peak start and end points as the 
positions of minimum amplitude value between the peak 
location and the locations of the nearest neighboring 
peaks to the left and right in the same channel are 
determined. Peak height is determined as the amplitude at 
the peak's location. 

Locations may be based on a height threshold, or as 
commonly done in chromatographic software, by use of a 
slope sensitivity and prior knowledge of minimum peak 
width. An alternative method for noise determination 
would be modeling of signal and noise using the power 
spectrum, which might be determined independently for each 
dye channel and time region. Noise level might be refined 
at a later stage by using approximate knowledge of base 
positions and of the local peak shape to model the true 
signal, and then subtracting this from the observation to 
obtain the refined noise estimate. 
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All information determined for each peak is recorded 
in the variable PKS. 

Determine peak-containing region. The peak-containing 
5 region is considered to be the time region containing all 

peaks corresponding to the DNA base sequence. The start of 
the peak-containing region is found by creating a vector 
with an element for each time sample, containing in the 
ith position the maximum signal among all dye channels at 
10 the ith sample. Within this vector, the position, P, of 

greatest integrated signal over a window of 50 time points 
is determined. If dye primer chemistry is being used, this 
will normally locate the so-called primer peak. The 
beginning of the peak-containing region, B, is a time 
point located just after the peak with position P. 
Specifically, B is the largest value among the four time 
point indexes demarcating the first zero crossing in each 
channel subsequent to P. 

The end of the peak-containing region is determined 
by locating an increase in the standard deviation of the 
dye channel amplitude subsequent to position B. The 
rationale is that the peak region should extend to the end 
of the data unless a very large peak occurs before the 
end, which typically marks the emergence of all remaining 
25 DNA fragments in an unresolved plug. The specific method 

for determining the end position first determines a vector 
that consists of the summed signal for all dyes at each 
time point. Then overlapping time windows of 500 time 
points are established on this vector, with the first 
window beginning at B and the final window not extending 
beyond the final time point. The standard deviation of the 
vector values in each window is calculated, and for each 
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window, the minimum standard deviation among all prior 
windows is noted. The end of the peak-containing region is 
the start of the window at which the ratio of the window 
standard deviation to the minimum standard deviation 
previously observed is at least three, and in which the 
standard deviation is at least 10% of the standard 
deviation of the first window. If no such window is 
detected, the end of the peak-containing region is the 
final time point. 

The beginning of the region might be determined as 
where peaks exceeding a signal-to-noise threshold were 
sufficiently numerous and dense to ensure a region 
containing bases. The endpoints of the region might also 
be determined dynamically during later stages of base- 
calling based on areas where average base-call confidence 
dropped below a threshold, or where peak overlap became 
high, or where large gaps between peaks occurred. 



The starting and ending positions are recorded in the 
20 variable PKS REGION. 



Determine signal derivatives. The smoothed second 
derivative of each dye channel is computed, then the 
locations of all local minima therein are determined. For 
the peak-containing region, overlapping windows of 1000 
time points are established. The singleton peak width 
expected in the middle of each window is repeated. For 
each dye channel, the smoothed second derivative for the 
window by Savitzky-Golay filtering, using a filter of 
order M, where M equals (singleton peak width) * square- 
root (5) /2 . 355, is computed. The positions and amplitudes 
of minima in the resulting second derivative signal are 
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then trivially determined. Fourier or wavelet methods 
could also be utilized. The results are stored in 
variable Y2. 

Dye mobility shifts known. TRUE if and only if 
variable DYE_SHIFTS is not empty. 

Dye spectra known. TRUE if and only if variable 
DYE_SPECTRA is not empty. 

Dye traces known. TRUE if and only if variable 
DYE_T RACES is not empty. 

Estimate singleton peak properties. Use the current 
set of base-calls to estimate what properties a peak 
containing exactly one base would have if it occurred at 
any given migration time; i.e. determine property "maps". 
This is done by determining the properties at discrete 
time points, and subsequently interpolating when 
properties are requested for particular migration times or 
dye channels. The properties include but may not be 
restricted to peak height, peak spacing, and full width at 
half maximum height. Properties are determined at the 
migration time of each called base using a window about 
each peak that contains 20 called peaks. Peak spacing is 
computed as the average spacing of all base-calls in the 
window. Peak height and width are the average width and 
height for peaks in the window that currently are assigned 
exactly one base. If no such peaks are found,, width and 
height are interpolated from surrounding windows. Peak 
height is determined separately for each channel. For peak 
spacing, one could find the maximum in the autocorrelation 
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of peak w skyline" (envelope of maximum signal for the 
amplitude-normalized dye traces, after correcting for 
mobility shift). We have observed that this works well for 
peak resolution down to 0.4, as long as signal-to-noise is 
not too low. Peak height and width could be based on all 
peaks, not just those determined to be singleton peaks. 
Property maps of non-singleton peaks might also be 
determined and used in rules; e.g., property maps for 
peaks containing exactly two bases. 

Individual peak locations known. TRUE if and only if 
variable PKS is not empty. 

Local average resolution. For a given migration time, 
look up singleton peak width and spacing in the singleton- 
peak property maps. Local average resolution is 0.5888 * 
spacing/width. 

Make initial base-calls. Assign each previously 
determined peak one base if its normalized height exceeds 
30% of the maximum amplitude found for that dye channel in 
a 1000-point time window. The number of base-calls for 
each peak is recorded in the variable PKS. BASES. 

Measure properties of all peaks, use to estimate 
number of base-calls, N. For each peak P, determine the 
following properties: 



30 



Area = sum of signal in P' s channel from lower 

to upper time boundaries, inclusive. 
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= expected half height for singleton peak for 
given P's channel & migration time. 
« expected full width at half maximum amplitude 
for singleton peak at given P's migration time. 
At = expected base spacing at P's migration time. 
Width = width of P at height HH. 

Skyline = number of time points within P's time 
boundaries for which the amplitude in P's 
channel, normalized to HH, is greatest among all 
channels when similarly normalized. (Skyline is 
the number of time points over which the peak's 
channel " dominates" . ) 

Nw (base-calls based on width) = 1 + (Width - W) / At 
Nmin = floor (Nw) 

15 Excess width = Nw - N^n 

Excess skyline = Skyline/At - Nnun 

N (initial number of bases) - N min if excess width < 
0.5 and excess skyline < 0.6, and ceiling (Nw) 
otherwise. 

20 

The rationale for the formula for Nw is that for a 
peak containing a single base, Width should be roughly W, 
and extending to the general case for a peak containing 
1+N bases, Width should be approximately W + N x At. The 

25 subsequent refinement of N simply assumes that peaks 

having greater width or skyline are more likely to contain 
an extra base. In computing N, any multiparameter function 
may be employed. The parameters may include the previously 
estimated number of base-calls for the given peak and for 

30 neighboring peaks, weighting factors, etc. 
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N min . The minimum number of base-calls that a peak's 
height, width, and skyline would predict. A parameter 
determined and recorded whenever peak properties are 
measured. 

No other rule for assigning bases has fired. TRUE if 
and only if the peak object under consideration is still 
flagged as active. 

Normalized peak skyline, height, or width. Divide the 
measured property for the peak by the value looked up in 
the map of the corresponding property expected for 
singleton peaks. 

Number of strong minima in second derivative of 
signal. Within the lower and upper time limits of the 
peak, determine the number of minima in the second 
derivative for the peak's channel whose magnitude is at 
least one third that of the greatest such magnitude in the 
region. Determination may include local signal-to-noise 
estimate, current base-spacing estimate, etc. 

Peak-containing region known. TRUE if and only if 
variable PKS_REGION is not empty. 

Peaks is unusually wide for only N bases. The 
property "excess width'' is determined whenever peak 
properties are measured. The unusually-wide criterion is 
satisfied if this property is more than half the expected 
width of a singleton peak at the given migration time, as 
determined from the map of singleton-peak width. It would 
be possible to have different thresholds for different 
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value of N, or to use uncertainty measures or fuzzy logic 
to reflect varying degrees of * unusually wide" . 

Peak area small for N bases. The combined area 
5 expected for N singleton peaks of Gaussian shape is 

computed from H and W, the expected singleton height and 
width at the peak's location. This area is approximately 
NxHxWxl.06. The measured peak area is small for N 
bases if multiplying by the factor N/(N-1) gives a result 
10 less than 120% of the expected combined area for N 

singleton peaks. As given for two previous subsections, 
peak shape may be arbitrary, and in particular may be the 
shape estimated at that migration time from the most 
recent base-calls. 

15 

Peak height threshold for one base-call. For the 
migration time supplied, look up singleton height, H, in 
the map of expected singleton heights for the peak' s dye 
channel. Divide the observed peak height by H and 
20 multiply the result by 0.5. 

Peak area threshold for one base-call. For the 

supplied migration time, look up singleton height, H, and 

width W, in the singleton peak maps for the peak's dye 
25 channel. The threshold is (H * W)/2. 

Signal derivatives determined. TRUE if and only if 
variable Y2 is not empty. 



30 



Singleton peak widths are accurate. TRUE if and 

only if PKBASES (entire set of base-calls) have been 
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updated at least twice. Convergence could also be used 
rather than a fixed number of iterations. 

Subdivide peaks using derivatives. The base 
assignment rules more often produce correct results if the 
bases assigned to a particular peak are consecutive bases 
in the final DNA sequence. To increase the likelihood of 
this condition, the second derivatives of the dye channel 
amplitudes are used to identify locations at which a peak 
in a given channel may contain nonconsecutive bases in the 
final sequence. Peaks at such locations are split into 
two separate peaks at a likely location of the intervening 
base from another channel. 

The procedure is executed as follows. For each peak, 
determine whether the outer edges of the peak contain 
between them more than one minimum in the peak channel's 
second derivative. If so, then for each successive pair of 
such minima, determine whether the pair brackets a strong 
minimum in the second derivative of another channel. A 
strong minimum is defined as any minimum where the 
undifferentiated channel amplitude is at least 50% of the 
expected value for singleton peaks at that particular 
migration time. Positions of all minima are precorrected 
for dye mobility. 

For each pair of minima that are found to bracket a 
strong minimum in another channel, find the location of 
the maximum in the second derivative original peak's 
channel occurring between the pair. Split the peak by 
creating two daughter peaks, one extending from the start 
of the original peak to the location of this maximum, and 
the other extending from the following time point to the 
end of original peak. For the daughter peaks, determine 
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the additional peak properties established when peaks are 
initially detected (location, height, etc.). Other 
features than the derivatives might be used to subdivide 
peaks; for example, the positions of peak maxima (rather 
than minima in second derivative) in other channels. 

Having describe preferred embodiments of the present 
invention, it will now become apparent to those of ordinary 
skill in the art that other embodiment and variations of 
the presently disclosed embodiment incorporating these 
concepts may be implemented without departing from the 
inventive concepts herein disclosed. Accordingly, the 
invention should not be viewed as limited to the described 
embodiments but rather should be limited solely by the 
spirit and scope of the appended claims. 
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CLAIMS 

We claim: 

1. A method of analyzing DNA sequencing eletropherograms 
comprising the steps of: 

obtaining a signal produced by a sequence of 
electrophorectically separated DNA fragments; and 

utilizing an expert system including a knowledge base 
and an inference engine to determine a plurality of base- 
calls from said signal. 

2. The method of claim 1 further comprising the step of 
assigning corresponding numerical confidences to said 
base-calls . 

3. The method of claim 1 further comprising the step of 
using rules to modify said base estimates. 

4. The method of claim 1 wherein said inference engine 
utilizes forward-chaining reasoning. 

5. The method of claim 1 wherein said inference engine 
utilizes backward-chaining reasoning. 

6. The method of claim 1 wherein said step of assigning 

* 

is based on decision trees. 

7. The method of claim 1 wherein said step of obtaining 
comprises obtaining a real-time signal. 
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8. The method of claim 1 wherein said step of obtaining 
comprises obtaining a stored signal . 

9. The method of claim 1 wherein said inference engine 
executes at least one rule for performing color 
separation. 

10. The method of claim 1 wherein said inference engine 
executes at least one rule for subtracting a baseline. 

11. The method of claim 1 wherein said inference engine 
executes at least one rule for detecting peaks based on a 
noise threshold. 

12. The method of claim 1 wherein said inference engine 
executes at least one rule for assigning an initial base 
to each peak which exceeds a height threshold. 

13. The method of claim 1 further comprising the step of 
estimating an expected height and width of peaks 
containing a single base for all migration times. 

14. The method of claim 1 further comprising the step of 
assigning an initial number of bases to each peak based on 
a comparison of said peaks characteristics to an expected 
singleton peak. 



30 



15. The method of claim 1 wherein said inference engine 
executes at least one rule for determining final base- 
calls . 
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16. The method of claim 1 
executes at least one 
amplitudes . 

17. The method of claim 1 
executes at least one 
confidences . 



wherein said inference engine 
rule for determining call 

wherein said inference engine 
rule for determining call 



18. The method of claim 1 wherein said inference engine 
executes at least one rule for determining call positions. 

19. The method of claim 1 wherein said inference engine 
executes at least one rule for determining dye mobility 
shifts . 

20. The method of claim 1 wherein said inference engine 
executes at least one rule for determining dye spectra. 

21. The method of claim 1 wherein said inference engine 
executes at least one rule for determining dye traces. 

22. The method of claim 1 wherein said inference engine 
executes at least one rule for determining individual peak 
locations . 

23. The method of claim 1 wherein said inference engine 
executes at least one rule for determining a peak- 
containing region. 
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24. The method of claim 1 wherein said inference engine 
executes at least one rule for determining signal 
derivatives . 

25. The method of claim 1 wherein said inference engine 
executes at least one rule for estimating singleton peak 
properties. 

26. The method of claim 1 wherein said inference engine 
executes at least one rule for determining initial base- 
calls . 

27. The method of claim 1 wherein said inference engine 
executes at least one rule for measuring properties of a 
plurality of peaks to estimate a number of base-calls. 



28. The method of claim 27 wherein said rule for 
measuring properties of a plurality of peaks to estimate a 
number of base calls comprises the steps of: 

determining a height for a singleton peak; 
determining a full width at half height for said 
singleton peak; 

determining base spacing; and 

calculating a number of base-calls by subtracting 
said full width at half height for said singleton peak 
from a measured width of a selected one of said plurality 
of peaks at said half height of said singleton peak to 
obtain a first value, dividing said first value by said 
base spacing to obtain a second value, and adding 1 to 
30 said second value. 
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29. The method of claim 1 wherein said inference engine 
executes at least one rule for determining normalized peak 
skyline, height or width. 

30. The method of claim 1 wherein said inference engine 
executes at least one rule for determining a number of 
strong minima in a second derivative of said signal. 

31. The method of claim 1 wherein said inference engine 
executes at least one rule for determining a peak is 
unusually wide for a predetermined number of bases. 

32. The method of claim 1 wherein said inference engine 
executes at least one rule for determining a peak area is 
small for a predetermined number of bases. 

33. The method of claim 1 wherein said inference engine 
executes at least one rule for determining a peak height 
threshold for one base-call. 

34. The method of claim 1 wherein said inference engine 
executes at least one rule for determining a peak area 
threshold for one base-call. 

35. The method of claim 1 wherein said inference engine 
executes at least one rule for determining whether 
singleton peak widths are accurate. 

36. The method of claim 1 wherein said inference engine 
executes at least one rule for subdividing peaks using 
derivatives . 
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A general rule: 

If dye mobility shifts known and peak locations unkown, then determine 
peak locations based on noise threshold. 

A rule for modifying estimated number of bases in a peak (N): 

If local average peak resolution <= 0.3 and peak area small for N bases, 
then subtract 1 from N. 

A post-processing rule: 

If base-calls are final and base-call confidences have been assigned, 
then halt inference and output results. 

FIG. 3 
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FIG. 5 
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